1. INTRODUCTION {#sec1}
===============

The cardiac potassium channel hERG is the rapidly activating component of the delayed rectifier potassium current (I~Kr~), which plays an important role in terminal repolarization in human ventricular myocytes \[[@r1]\]. Long or short QT syndrome can be induced by a reduction or an increase in I~Kr~, both of which increase the risk of fatal arrhythmias and sudden cardiac death \[[@r2], [@r3]\]. In addition, long QT syndrome 2 (LQT2) can be caused by dysfunction of hERG channels with drugs that interfere with channel gating \[[@r4]\]. Dual mechanisms were shown in the drug-induced reduction of the I~Kr~/hERG currents, including the direct blockade of I~Kr~/hERG potassium channels and elective disruption of hERG protein trafficking to the cell surface membrane \[[@r5], [@r6]\].

Probucol, a cholesterol-lowering drug, has been found to cause long QT syndrome and torsades de pointes arrhythmia in patients \[[@r7]\]. Probucol selectively reduces hERG/I~Kr~ currents *via* inhibition of hERG trafficking \[[@r8]\]. The mechanisms of probucol reducing

functional hERG expression involve altering the membrane stability and turnover of the hERG-interacting protein caveolin-1 (Cav1) \[[@r9]\]. The clinical usefulness of probucol is restricted by its undesirable cardiotoxicity. Therefore, reducing probucol-induced cardiotoxicity is important. In addition, the use of cardioprotective agents may be an alternative approach to clinical therapeutics in the future.

Matrine and oxymatrine are extracted from the dried root of *Sophora flavescens* Ait, called Ku Shen; both are active ingredients of Ku Shen. Recent research demonstrated that oxymatrine protected cardiomyocytes from apoptotic death during ischemic myocardial injuries in rats \[[@r10]\]. A wide range of pharmacological effects of matrine and oxymatrine, such as anti-arrhythmia and antitumor activities, have been demonstrated in various studies \[[@r11]-[@r13]\]. Furthermore, our recent studies showed that the hERG channel was activated by oxymatrine \[[@r14]\] and that the hERG channel surface expression was increased by both matrine and oxymatrine \[[@r15]\]. Therefore, the application of matrine and oxymatrine to rescue hERG channel deficiency seems to be a promising strategy. Interestingly, in our previous studies, we found that matrine and oxymatrine can rescue arsenic trioxide-induced hERG expression deficiency *via* elevating the transcription factor Sp1, which could upregulate hERG gene transcription \[[@r16]\]. Based on this, we hypothesized that probucol-induced hERG channel deficiency may be reversed by matrine and oxymatrine. The two main goals of this study were to determine (a) whether the probucol-induced hERG channel deficiency and prolonged action potential duration (APD) can be rescued by matrine and oxymatrine and (b) obtain mechanistic insight into matrine and oxymatrine rescue the decreased hERG expression by probucol.

In this study, we investigated the rescue effect of matrine and oxymatrine on the inhibition of hERG protein expression and the hERG current caused by probucol *in vitro*. We further detected the effect of matrine and oxymatrine on probucol-prolonged APD in neonatal rat ventricular myocytes. Finally, our results revealed the one of the possible mechanism underlying the matrine and oxymatrine rescue of hERG expression disrupted by probucol.

2. MATERIALS AND METHODS {#sec2}
========================

2.1. Cell Culture {#sec2.1}
-----------------

We used a stably transfected human embryonic kidney (HEK) cell line expressing high levels of functional hERG to study the effects of different compounds on the hERG channel. The hERG-HEK cells were maintained in Dulbecco's modified Eagle's medium (DMEM; HyClone, Logan, UT, USA) supplemented with 10% (v/v) fetal bovine serum (FBS; TBD, Tianjin, China) at 37 °C in a humidified atmosphere of 5% CO~2~. Stably transfected cells were then selected with 400 mg/ml geneticin (G-418, Invitrogen, Carlsbad, CA, USA). For electrophysiological studies, the cells were harvested from the culture dish by trypsinization, washed twice with standard DMEM, and stored in this medium at room temperature for later use. The cells were studied within 8 h of harvest.

2.2. Reagents {#sec2.2}
-------------

Matrine and oxymatrine (purity of ≥98%, Shanxi Huike Botanical Development Co., Ltd., Shanxi, China) were dissolved in PBS as a stock solution. The probucol was dissolved in dehydrated alcohol to obtain a 10 mM stock solution, which was stored at -20 °C. For cellular experiments, hERG-HEK cells were incubated with different concentrations of the compounds diluted in the cultured medium.

2.3. Neonatal Rat Ventricular Myocyte Isolation {#sec2.3}
-----------------------------------------------

Single ventricular myocytes were isolated from 1- to 2-day-old Sprague-Dawley rats of either sex by enzymatic dissociation as described previously \[[@r8]\]. Neonatal rat ventricular myocytes were cultured in Dulbecco's modified Eagle's medium (Invitrogen) with 10% fetal bovine serum. Cardiomyocytes were grown on glass coverslips for the electrophysiology studies. All animal procedures were approved by the Institutional Animal Care and Use Committee at Harbin Medical University (No. HMUIRB-2008-06) and the Institute of Laboratory Animal Science of China (A5655-01). All of the procedures conformed to the Directive 2010/63/EU of the European Parliament.

2.4. Patch-clamp Recording Techniques {#sec2.4}
-------------------------------------

The drug solutions were freshly prepared daily with an extracellular solution. For electrophysiological recordings, submaximally confluent hERG-HEK cells were used after culturing for 1-3 days at a seeding density of 1-4 × 10^5^ cells per flask (NEST, 25cm^2^). The cells were harvested from the flask using 0.25% trypsin and 0.02% EDTA and transferred to a small cell bath mounted on the stage of an inverted microscope (IX-70; Olympus, Tokyo), where they were allowed to attach to the glass bottom for approximately 10 min. The cells were then superfused continuously at a rate of 1.5 ml/min.

The hERG currents were measured using the whole-cell configuration of the patch-clamp technique. The whole-cell configuration was formed using a glass pipette with a tip resistance of 2-5 mOhm when filled with a pipette solution: 130 mM KCl, 1 mM MgCl~2~•6H~2~O, 10 mM HEPES, 5 mM Mg-ATP, 5 mM EGTA, and 0.1 mM GTP (pH 7.3 with KOH). The extracellular solution contained 136 mM NaCl, 5.4 mM KCl, 5 mM HEPES, 1 mM MgCl~2~•6H~2~O, 1 mM CaCl~2~, and 10 mM glucose (adjusted to pH 7.4 with NaOH). An Axopatch-200B patch-clamp amplifier was used to record the membrane current and APD. Computer software (Clampex 9.2; Axon Instruments, USA) was used to generate voltage-clamp protocols and acquire data. Capacitance and series resistance compensation were optimized. The data were recorded on a computer *via* Digidata 1322A and analyzed using Clampfit 9.2 (Axon Instruments) and Prism (GraphPad Inc., San Diego, CA, USA) software. Graphical fits of the data were made using previously described standard equations \[[@r17], [@r18]\].

The APDs were recorded using the whole-cell configuration with a pipette solution containing 20 mM KCl, 110 mM KOH, 1 mM MgCl~2~•6H~2~O, 10 mM HEPES, 5 mM Na~2~-ATP, 5 mM EGTA, and 110 mM K-aspartate (adjusted to pH 7.3 with KOH). The extracellular solution was the same as the Ca^2+^-containing Tyrode's solution. The neonatal rat ventricular myocytes were transferred to a small cell bath to attach to the glass bottom for approximately 10 min.

2.5. Western Blot Analysis {#sec2.5}
--------------------------

The expression of high levels of hERG protein was monitored by Western blot experiments. The 1 µM matrine/oxymatrine and 100 μM probucol were diluted and added to hERG-HEK cells for 48 h at 37 °C before analysis by Western blots. The cells were placed on ice and washed 3 times with 3 ml ice-cold PBS. Then, 60 µl RIPA (Bi Yun Tian, Jiangsu, China) and 0.6 µl PMSF (Shenneng Bocai, Shanghai, China) were added to the plates, and the cells were scraped from the plates and transferred into tubes. Protein (150 μg per sample) was separated using SDS-PAGE, transferred onto nitrocellulose membranes (Stratagene, La Jolla, CA), and incubated with a primary antibody against GAPDH (Affinity Reagents) and a specific polyclonal rabbit anti-hERG antibody (Santa Cruz Biotechnology, CA) at a 1:100 dilution. Goat anti-rabbit Alexa Fluor 700 (dilution 1:2000, Molecular Probes, Eugene, OR) was used as a secondary antibody. The Odyssey infrared fluorescent scanning system (LI-COR, Lincoln, NE) was used to detect membrane proteins. The band densities were quantified by densitometry using Scion Image software (Scion, Frederick, MD). The data were normalized to GAPDH.

2.6. Statistical Analyses {#sec2.6}
-------------------------

The data are presented as the mean ± S.E.M. Statistical analysis was performed using SPSS 16.0 software to evaluate significant differences. Student's t-test was used for comparisons between two groups, and one-way or two-way analysis of variance (ANOVA) was used to analyze significant differences between groups under different conditions. Two groups were considered significantly different when P-values were \< 0.05 (two-tailed). All of the graphs were drawn by GraphPad Prism 5.0.

3. RESULTS {#sec3}
==========

3.1. Matrine and Oxymatrine Rescue hERG Protein Expression after Probucol Treatment {#sec3.1}
-----------------------------------------------------------------------------------

Probucol reduces hERG expression levels in the plasma membrane \[[@r8]\]. In our study, we detected the effect of long-term treatment with 100 μM probucol for 48 h by detecting the hERG proteins located in the membrane. As illustrated in Fig. (**[(1)](#F1){ref-type="fig"}**, two forms of hERG channels were recognized by the anti-hERG antibody, a fully glycosylated mature protein with a molecular mass of 155 kDa and an immature core-glycosylated protein of 135 kDa in HEK-293 cells stably transfected with hERG. Fig. (**[1A](#F1){ref-type="fig"}** and **[1B](#F1){ref-type="fig"}**) demonstrated that the expression of mature hERG protein decreased after treatment with 100 μM probucol (*p* \< 0.05, n=6).

To investigate whether matrine and oxymatrine could recover the hERG deficiency induced by probucol, we coincubated the hERG-HEK cells with 1 μM matrine/oxymatrine and 100 μM probucol containing media at 37 °C for 48 h. Afterwards, we used western blot experiments to identify hERG proteins in the hERG proteins in the control groups, probucol groups, matrine/oxymatrine and probucol groups. As shown in Fig. (**[1A](#F1){ref-type="fig"}** and **[1B](#F1){ref-type="fig"}**), the application of 1 μM matrine and 1 μM oxymatrine partially recovered the mature hERG protein in the presence of 100 μM probucol (*p* \< 0.01, n=6).

3.2. Matrine and Oxymatrine Rescue hERG Currents After Probucol Treatment {#sec3.2}
-------------------------------------------------------------------------

To further determine the functionality of the hERG protein rescued by matrine and oxymatrine, we recorded and analyzed the currents from the hERG-HEK cells that were incubated with matrine or oxymatrine and probucol. The hERG current was elicited by a series of 4-s depolarization pulses ranging from -60 to +40 mV from a holding potential of -80 mV. A repolarization to -50 mV was used to elicit the tail current (Fig. **[2A](#F2){ref-type="fig"}**). Fig. (**[2B](#F2){ref-type="fig"}-[D](#F2){ref-type="fig"}**) shows that the tail current of the hERG-HEK cells was significantly inhibited after incubation with probucol for 48 h, whereas the application of 1 μM matrine/oxymatrine could attenuate this effect of probucol (*p* \< 0.05, n=10).

Moreover, we calculated the ratio of the hERG currents between Control groups and drug groups to observe the effect of matrine/oxymatrine on inhibition hERG currents by probucol. The inhibitory ratio of 100 μM probucol was computed from the tail current from -20 mV to 40 mV with the following function: (*I* ~Probucol~ --*I* ~Control~)/*I* ~Control~. As shown in Fig. (**[2E](#F2){ref-type="fig"}**), the ratio was -0.61 at 0 mV (-0.57 at 40 mV). The rescue ratio of matrine or oxymatrine was -0.16 and -0.43 at 0 mV (-0.31 and -0.24 at 40 mV), respectively, as calculated by the functions (*I* ~Matrine~ -*I* ~Control~)/*I* ~Control~ and (*I* ~Oxymatrine~ -*I* ~Control~)/*I* ~Control~.

3.3. Matrine and Oxymatrine Recover the APD Prolongation Induced by Probucol in Neonatal Cardiac Myocytes {#sec3.3}
---------------------------------------------------------------------------------------------------------

The next series of experiments were performed to confirm whether our analysis might be extended to other expression systems such as ventricular cardiomyocytes. We examined the effects of matrine or oxymatrine and probucol on action potentials recorded in neonatal rat ventricular myocytes. Fifty percent and ninety percent

repolarization of APD (APD~50~ and APD~90~) was used to describe the action potential changes. When 100 μM probucol was added to the ventricular cardiomyocyte culture medium for 48 h, the APD~90~ was significantly prolonged (Fig. **[3A](#F3){ref-type="fig"}** and **[3B](#F3){ref-type="fig"}**). To investigate the recovery from prolongation of cardiac action potentials induced by probucol administration, we added matrine or oxymatrine to myocytes incubated with 100 μM probucol. The prolonged APD~90~ was significantly shortened from 145.4±16.8 ms to 51.3±4.5 ms by 1 μM matrine (Fig. **[3A](#F3){ref-type="fig"}** and **[3B](#F3){ref-type="fig"}**), and 1 μM oxymatrine shortened the prolonged APD~90~ from 167.7±27.8 ms to 75.9±5.4 ms in neonatal cardiac myocytes (Fig. **[3C](#F3){ref-type="fig"}** and **[3D](#F3){ref-type="fig"}**).

3.4. Matrine and Oxymatrine Rescue hERG Expression Deficiency by Probucol *Via* Upregulation of Sp1 Expression {#sec3.4}
--------------------------------------------------------------------------------------------------------------

Specificity protein 1 (Sp1), an extensively expressed transcription factor, is a member of the Sp/KLF family. In our previous study, we demonstrated that Sp1 was essential in driving hERG promoter transcription, and both matrine and oxymatrine increased the expression of Sp1 in hERG-HEK cells. Therefore, in our present study, to determine the possible mechanisms of matrine and oxymatrine rescued probucol-induced hERG channel deficiency, Sp1 expression was examined using western blot analysis.

After exposure of hERG-HEK cells to 100 μM probucol for 48 h, the expression level of Sp1 was significantly reduced (*p* \< 0.05, n = 5, Fig. **[4A](#F4){ref-type="fig"}** and **[4B](#F4){ref-type="fig"}**). Meanwhile, 1 μM matrine or oxymatrine reversed the Sp1 reduction in the presence of 100 μM probucol (*p* \< 0.05, n = 5, Fig. **[4A](#F4){ref-type="fig"}** and **[4B](#F4){ref-type="fig"}**).

4. DISCUSSION {#sec4}
=============

Probucol is a cholesterol-lowering drug that can induce cardiovascular system abnormalities. In patients, long QT syndrome and torsades de pointes arrhythmia were caused by probucol \[[@r19]\]. Dysfunction of hERG channels can induce LQTs.

In a previous study, the hERG current was decreased in hERG-HEK cells after treatment with probucol for 48 h with an IC~50~ of 10.6 μM \[[@r9]\]. In rat neonatal cardiomyocytes, probucol reduced the native I~Kr~ with an IC~50~ of 20.6 μM for 48 h \[[@r8]\]. In patients who received 1 g probucol daily for periods of 1 to 12 months, mean plasma levels ranged from 18.2 to 39.2 g/ml (35.2-75.9 μM) \[[@r20]\].

Therefore, the reduced expression of hERG channels and the prolonged QT interval could be induced by clinically relevant concentrations of probucol. In this study, we chose a concentration of 100 μM probucol to form the hERG-deficiency pattern because the maximum inhibitory effect of probucol can be achieved under this concentration. The turnover of the hERG channel occurs at a rather slow rate (approximately 11 h) \[[@r21]\], so we incubated the hERG-HEK cells with probucol for 48 h. The results illustrate the inhibitory effect of probucol on the hERG channel. Fig. (**[1A](#F1){ref-type="fig"}**)and (**[B](#F1){ref-type="fig"}**) show that the expression of mature hERG protein was reduced, and (Fig. **[2B](#F2){ref-type="fig"}-[D](#F2){ref-type="fig"}**) show that the tail current of hERG-HEK cells was inhibited when the cells were cultured for 48 h in the presence of probucol.

The inhibition of hERG expression induced by the hERG channel mutations has been shown to be rescued by low temperature and E4031 \[[@r22]\]. Astemizole was shown to rescue the pentamidine-induced hERG trafficking inhibition \[[@r23]\]. However, an effective therapeutic method that can rescue the inhibition of hERG channel expression caused by probucol has not been confirmed. Previously, in our studies, 1 μM matrine and 1 μM oxymatrine were reported to enhance the hERG tail current. Furthermore, we confirmed that hERG expression could be increased by matrine and oxymatrine *via* upregulating the expression of Sp1 \[[@r14], [@r16]\]. Therefore, we investigated whether these two drugs could recover the hERG expression deficiency caused by probucol *in vitro*.

Matrine and oxymatrine are two major alkaloid components extracted from the *Sophora* root \[[@r24]\]. Our studies demonstrated that the hERG protein expression increased significantly and the hERG current was enhanced when hERG-HEK cells were exposed to 1 μM matrine or oxymatrine for 24 h \[[@r16]\]. Acute application of probucol had no effect on the hERG current, but hERG protein trafficking could be disrupted by treatment with probucol for 48 h \[[@r8]\]. Thus, we study whether matrine or oxymatrine had an effect on probucol-induced hERG deficiency after incubation matrine/oxymatrine and probucol at 37 °C for 48 h in hERG-HEK cells. In our previous research, we demonstrated that 1 μM matrine or oxymatrine promoted hERG expression, whereas high concentrations (100 μM) of the compounds could decrease the current of the hERG channel\[[@r15]\]. For this reason, 1 μM matrine or oxymatrine was chosen for our study. As shown in Fig. (**[(1)](#F1){ref-type="fig"}**, 1 μM matrine or oxymatrine could partially recover mature hERG protein after treatment with probucol. In hERG-HEK cells incubated with 1 μM matrine or oxymatrine, the reduction of the hERG tail current in the presence of probucol could be reversed. Meanwhile, the acute application of matrine and oxymatrine could increase the current of the hERG channel by regulating the kinetics of channel gating \[[@r14], [@r16]\]. Nevertheless, our study found that the acute application of matrine or oxymatrine had no effect on probucol-induced hERG deficiency (data not shown). These results demonstrated that the rescue effect of matrine and oxymatrine on probucol-induced hERG deficiency most likely depended on the upregulation of hERG protein expression but not the alteration of channel kinetics. Furthermore, probucol-induced prolongation of action potential duration could be shortened by matrine or oxymatrine in neonatal rat ventricular myocytes. Both matrine and oxymatrine could shorten the APD~90~ prolonged by probucol. Thus, matrine or oxymatrine could rescue LQT2 induced by probucol in our study.

In the preceding study, hERG inhibition induced by probucol affected the cell plasma membrane, but whether probucol affects the transcription of hERG remains unknown. Sp1 is a transcriptional activator or a repressor of target genes \[[@r25]\]. Sp1 can regulate certain ion channels, such as the potassium channel subunits Kv7.2, Kv7.3 \[[@r26]\] and Kv4.3 \[[@r27]\], the CLC-2 lung epithelial chloride channel \[[@r28]\], and a nonselective cation channel (the NCCa-ATP channel) \[[@r29]\]. Our prior study identified an extensively expressed transcription factor, Sp1, which was demonstrated to regulate the expression of hERG, and matrine or oxymatrine could increase hERG expression through the upregulation of Sp1 \[[@r16]\]. Thus, Sp1 may be the target for probucol to inhibit the expression of the hERG channel. Our data indicated that matrine or oxymatrine upregulated the decreased expression of Sp1 by probucol. These results revealed that matrine and oxymatrine recovered the probucol-induced expression deficiency of the hERG protein *via* the upregulation of Sp1. However, as shown in Fig. (**[1](#F1){ref-type="fig"}**) and Fig. (**[4](#F4){ref-type="fig"}**), the effects of probucol on the surface expression of the hERG channel and hERG current appear to be more pronounced compared to its effect on the expression of Sp1. This finding indicates that probucol may have Sp1-independent effects on the maturation process of the hERG channel. Many factors are involved in hERG protein expression, including mRNA transcription, protein synthesis, maturation, intracellular trafficking, and incorporation into the cell membrane. All of these steps are possible candidates for the site of action of probucol and matrine. Nevertheless, more mechanisms and *in vivo* evidence need to be evaluated in further studies.

CONCLUSION
==========

In conclusion, our study confirmed the protective effect of matrine and oxymatrine against the probucol-induced reduction of hERG channels in both the heterologous hERG-HEK system and neonatal cardiac myocytes. The protective effect is possibly mediated by upregulated Sp1 expression. Therefore, matrine or oxymatrine may have potential therapeutic value for acquired LQT2 by probucol, which has an adverse effect on hERG channel deficiency.
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![Matrine and oxymatrine rescue the decreased hERG expression after probucol treatment in hERG-HEK cells. (**A**) Matrine upregulates hERG channel surface expression after probucol treatment. (**B**) Oxymatrine upregulates hERG channel surface expression after probucol treatment. n=6, \*\* *p* \<0.01 vs the control and \#\# *p* \<0.01 *vs* probucol.](CPD-25-4606_F1){#F1}

![Matrine and oxymatrine reverse the inhibition of the hERG current after probucol treatment in hERG-HEK cells. (**A**) Voltage clamp protocol. (**B**) Representative hERG current traces recorded from a stably expressed hERG cell line in control conditions (a), in the presence of 100 μM probucol (b), in the presence of 100 μM probucol and 1 μM matrine (c), and in the presence of 100 μM probucol and 1 μM oxymatrine (d). (**C-D**) Normalized I-V relationships for the tail current before and after probucol treatment and rescue with 1 μM matrine and 1 μM oxymatrine. n=10, \* *p* \< 0.05 vs the control and + *p* \<0.05 vs probucol. (**E**) The ratio of probucol, matrine, and oxymatrine voltage dependence peak tail current calculated using the function (*I* ~Drug~-*I* ~Control~)/*I* ~Control~.](CPD-25-4606_F2){#F2}

![The effects of matrine and oxymatrine on the prolongation of APD by probucol in neonatal cardiac myocytes. (**A**) and (**C**) Representative action potential traces from control (black line), probucol (red line) and probucol/1 μM matrine or 1 μM oxymatrine groups (green line) in neonatal cardiac myocytes. (**B**) and (**D**) The APD~50~ and APD~90~ were prolonged by probucol and recovered by 1 μM matrine or 1 μM oxymatrine. n=5, \* *p* \<0.05 *vs* the control and \# *p* \<0.05 *vs* probucol. (*A higher resolution / colour version of this figure is available in the electronic copy of the article*).](CPD-25-4606_F3){#F3}

![The effect of probucol, matrine, and oxymatrine on the expression of the transcription factor Sp1 after incubation for 48 h. (**A**) Matrine upregulated Sp1 expression to normal levels after probucol treatment. (**B**) Oxymatrine upregulates Sp1 expression to normal after probucol treatment. n=6, \*\* *p* \<0.01 *vs* the control, \# *p* \<0.05 *vs* probucol and \#\# *p* \< 0.01 *vs* probucol.](CPD-25-4606_F4){#F4}
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